Topological analysis of the three-dimensional (3D) chromatin nanostructure and its function in intact cell nuclei implies the use of high resolution far field light microscopy, e.g. confocal laser scanning microscopy (CLSM). However, experimental evidence indicates that, in practice, under biologically relevant conditions, the spatial resolution of CLSM is limited to about 300 nm in the lateral direction and about 700 nm in the axial direction. To overcome this shortcoming, the use of a recently developed light microscopical approach, spectral precision distance microscopy (SPDM) is established. This approach is based on the precise localization of small labelling sites of a given target in spectrally differential images. By means of quantitative image analysis, the bary centres (intensity weighted centroid analogous to the centre of mass) of these independently registered labelling sites can be used as point markers for distance and angle measurements after appropriate calibration of optical aberrations (here, polychromatic shifts). In combination with specific labelling of very small chromatin target sites with dyes of different spectral signatures by fluorescence in situ hybridization (FISH), SPDM presently allows us to analyse the nuclear topology in three-dimensionally conserved nuclei with a`resolution equivalent', many times smaller than the conventional optical resolution.
Summary
Topological analysis of the three-dimensional (3D) chromatin nanostructure and its function in intact cell nuclei implies the use of high resolution far field light microscopy, e.g. confocal laser scanning microscopy (CLSM). However, experimental evidence indicates that, in practice, under biologically relevant conditions, the spatial resolution of CLSM is limited to about 300 nm in the lateral direction and about 700 nm in the axial direction. To overcome this shortcoming, the use of a recently developed light microscopical approach, spectral precision distance microscopy (SPDM) is established. This approach is based on the precise localization of small labelling sites of a given target in spectrally differential images. By means of quantitative image analysis, the bary centres (intensity weighted centroid analogous to the centre of mass) of these independently registered labelling sites can be used as point markers for distance and angle measurements after appropriate calibration of optical aberrations (here, polychromatic shifts). In combination with specific labelling of very small chromatin target sites with dyes of different spectral signatures by fluorescence in situ hybridization (FISH), SPDM presently allows us to analyse the nuclear topology in three-dimensionally conserved nuclei with a`resolution equivalent', many times smaller than the conventional optical resolution.
Chronic myelogeneous leukaemia (CML) is genetically characterized by the fusion of parts of the BCR and ABL genes on chromosomes 22 and 9, respectively. In most cases, the fusion leads to a translocation t(9; 22) producing the Philadelphia chromosome. SPDM was applied to analyse the 3D chromatin structure of the BCR region on the intact chromosome 22 and the BCR-ABL fusion gene on the Philadelphia chromosome (Ph) by using a new triple-colour FISH protocol: two different DNA probes were used to detect the BCR region and the third DNA probe was used to identify the location of the ABL gene. Consistent 3D distance measurements down to values considerably smaller than 100 nm were performed. The angle distributions between the three labelled sites on the Philadelphia chromosome territory were compared to two state-of-the-art computer models of nuclear chromatin structure. Significant differences between measured and simulated angle distributions were obtained, indicating a complex and non-random angle distribution.
Introduction
With the development of fluorescent dyes to label specific cellular components, fluorescence microscopy has become a powerful tool in cell biology. New strategies of fluorochrome labelling have opened new avenues and allow us to analyse micro-and nanostructures of subcellular components, such as the three-dimensional (3D) chromatin structure and its Correspondence: C. Cremer. Fax: 1 49 6221 549262; e-mail: cremer@kip.uniheidelberg.de 1 Present address: Laboratory of Genetics, National Cancer Institutes, National functional significance in intact cell nuclei (for a review see Cremer et al., 1996b; Lamond & Earshaw, 1998) . For quantitative 3D fluorescence analysis, multiparameter confocal laser scanning microscopy (CLSM) is presently the state of the art (Pawley, 1995) . Although the instruments have reached a highly sophisticated technical level, one principal shortcoming still exists. In the laboratory, non-ideal optical conditions of biological specimens mean that the resolution (given by the full width at half maximum (FWHM) of the`practical' point spread function (PSF)) is limited to about 300 nm laterally and 700 nm axially Edelmann et al., 1999) . Even under ideal conditions, the resolution is limited to about l/2 laterally and about l axially. To overcome this limitation, techniques of point spread function engineering such as 4Pi microscopy or interferometric illumination (Hell & Stelzer, 1992 Lanni et al., 1993; Hell et al., 1994; Freimann et al., 1997; Schneider et al., 1998 Schneider et al., , 1999 are under development. So far, these techniques are not commercially available and thus have not found their way into routine use in biological laboratories.
It has been known for many decades that distance measurements even beyond the conventional optical resolution limit are theoretically possible if the objects have different spectral signatures (Burns et al., 1985) , but only if either the chromatic shifts are sufficiently small (van Oijen et al., 1998) , or they can be appropriately corrected for (Manders, 1997; Bornfleth et al., 1998; Edelmann et al., 1999) . Recently, we have adapted this basic idea to the light microscopical investigation of chromatin nanostructures in intact cell nuclei.
This experimental approach has been called spectral precision distance microscopy (SPDM). Its fundamental principles mean that it can be applied to all kinds of fluorescence far field microscopes including the abovementioned PSF engineering approaches (Cremer et al., 1996a; 1999a, b; Hausmann et al., 1999) . The technique has the potential to overcome conventional resolution limits in 3D distance measurements by at least one order of magnitude. The smallest distance between two object bary centres (intensity weighted centroid analogous to the centre of mass) which can be routinely measured by this technique was called`resolution equivalent' (Cremer et al., 1999a) . The driving force behind this technique is the use of`pointlike' objects carrying different spectral signatures (e.g. different emission and/or absorption spectra). By using a multi-channel detection system, the diffraction limited images can be recorded independently for each spectral signature, and by appropriate 3D image processing programs the intensity bary centres of the labelling sites can be localized with high precision (Manders et al., 1993; Kubitscheck et al., 1999) . In CLSM, this has been realized with an error (standard deviation) of about^30 nm in all spatial directions Bornfleth et al., 1998) . Under such experimental prerequisites the Euclidean distances between target bary centres within biological specimens such as cell nuclei can be determined after appropriate optical aberration corrections.
Here, this principle was realized for a haemato-oncological application. In a first step, SPDM requires the exact determination of chromatic shifts under optical conditions close to the actual conditions used in the precision distance measurements. These effects have to be calibrated very carefully to minimize the smallest routinely measurable distance (`resolution equivalent'). Figure 1 shows a visualization of the proportions of the`resolution equivalent' (RE) obtained, compared to the dimensions of the FWHM of a typical confocal PSF. As an example, the median 3D distances of three labelling sites on a chromatin nanostructure (BCR-ABL fusion gene) measured in N 75 cell nuclei are shown (for further details see Materials and methods and Results).
As a first application of CLSM in the`SPDM mode' in combination with the recently introduced triple-colour fluorescence in situ hybridization (FISH), the 3D chromatin topology in the BCR region of chromosome 22 and the fusion region of the Philadelphia chromosome (Rowley, 1973) of lymphocytes from patients suffering from chronic myelogeneous leukaemia (CML) were studied. Because the specific genetic alteration characterizing CML is the fusion between parts of BCR and ABL genes on chromosomes 22 and 9, respectively, leading in most cases to a translocation t(9; 22), which constitutes the Philadelphia chromosome, it appeared of high interest to develop methods to study the topological configuration of intensity bary centres of certain given differentially coloured labelling sites in cell nuclei of patients in different stages of the disease. This should allow us to test, for example, hypotheses regarding a possible role of chromatin nanostructure topology in the formation of translocations (Cremer et al., 1996b) .
Materials and methods

Patients and cell preparation
For the SPDM experiments described here, bone marrow (BM) cells from three CML patients (CML1, a patient at diagnosis, CML-2a, 2b and 2c, a patient during treatment, and CML-3 a third case four years after a successful bone marrow transplant in remission) were collected according to standard methods. As the CML-2 patient showed different percentages of Philadelphia-positive cells (2a in 1996 during chemotherapy: 51%, 2b in 1997 after autologous bone marrow transplantation (ABMT): 3.5±5%, 2c in 1998: 35±40%) it was useful to compare the data with the case of the CML-3 patient after a successful treatment. All patients were followed up by the Chaim Sheba Medical Centre, Tel Hashomer, Israel.
To preserve nuclear organization the hypotonic step was omitted, cells were fixed in methanol : acetic acid (3 : 1 v:v) and stored at 2 20 8C. The cells were dropped onto coverslips and then air dried.
Three-colour-fluorescence in situ hybridization (T-FISH)
Probes. Three probes were used, each labelled with a fluorochrome of another spectral signature: a cosmid probe (cos-abl-8) containing a 40 kb fragment which flanks to the ABL breakpoint of chromosome 9 (Heisterkamp et al., 1983) ; a YAC-derived probe (B99E11) which contains a 115 kb fragment and spans the major breakpoint cluster regions (BCR) on chromosome 22 (Lengauer et al., 1992) ; and a BAC-derived probe (52C3) which contains 90 kb sequences and maps proximal to the major breakpoint cluster regions (Collins et al., 1995; Kim et al., 1995 Kim et al., , 1996 . Figure 2 (a) schematically shows the relative sequence localization of the probes used and their arrangements in Philadelphia-positive and Philadelphia-negative cell nuclei. In Philadelphia-positive cell nuclei the DNA target sequence homologous to the B99E11 clone is divided in such a way that approx. 80 kb of this target sequence remains on the Philadelphia chromosome and 35 kb shifts to derivative chromosome 9 (Lengauer et al., 1992) . Hence, the labelling obtained using the B99E11 probe is distributed in the same manner.
Labelling of probes. The BAC-probe 52C3 was labelled with biotin-14-dCTP, the YAC-clone B99E11 with digoxigenin-11-dUTP and cos-abl 8 with fluoresceine isothiocyanate (FITC)-12-dUTP (Boehringer Mannheim, Germany) using the BioPrime DNA labelling system according to the manufacturer's instructions (Life Technology, CibcoBRL, Bethesda, U.S.A.) with some modifications to the deoxynucleotide mixture (Weier et al., 1994) .
Hybridization performance. Hybridization (FISH) and posthybridization washing were performed according to a recently published procedure (Esa et al., 1998) with triple probe modification.
Immunocytochemical detection. Fluorescence detection of 52C3 was performed by cyanine5 (CY5)-conjugated avidin (Amersham Life Science, Braunschweig, Germany); and the B99E11 probe was detected by tetramethylrhodamine isothiocyanate (TRITC)-conjugated antidigoxigenin (Boehringer Mannheim) (Weier et al., 1994) . The cos-abl-8 was directly labelled with FITC. To reduce photobleaching, slides were mounted in Vecta-Shield antifade solution (Oncor, Heidelberg, Germany).
Signal assessment. As schematically depicted in Fig. 2(b) , Philadelphia-positive cell nuclei are characterized by four clearly separated signals: one green spot which indicates the ABL region on the intact chromosome 9; one pink spot (due to overlapping of red and blue signals) which indicates the BCR region on the intact chromosome 22; one red signal which shows the derivative 9 (der(9)), and one approximately white spot (due colocalization of green, red and blue signal) which indicates the BCR-ABL fusion on the Philadelphia chromosome. In Fig. 2 (b) a projection (`extended view') through a 3D confocal image stack of a Philadelphia-positive cell nucleus is shown.
The Philadelphia-negative cells (Fig. 2c ) are characterized by four clearly separated signals arranged differently: two green spots indicate the ABL regions of the two homologous chromosomes 9 and two pink spots indicate the BCR regions on the homologous chromosomes 22.
To avoid misclassification, cell nuclei, in which one green and one pink signal were touching but not overlapping and the red der(9) signal was missing were excluded from evaluation. The percentage of such cells was less than 1% (data not shown).
Image acquisition
For image acquisition the cell nuclei were mounted directly below the cover glass. Series of light optical sections of each cell nucleus (512 Â 512 pixels, pixel size 78 Â 78 nm) with an equidistant axial spacing of 250 nm were recorded using a three channel Leica TCS_NT confocal laser scanning microscope (Leica Lasertechnik, Heidelberg) equipped with a Plan Apo 63Â/NA 1.4 oil objective. The fluorochromes were excited by the three lines of an argon-krypton laser switched by an acousto-optical tuneable filter (l ill 488 nm for FITC; l ill 568 nm for TRITC; l ill 647 nm for CY5).
The light emitted by the fluorochromes was recorded separately by appropriate filter settings and independent photomultiplier channels .
Image analysis
For the topological analysis of fluorescence-labelled DNA sites, a voxel-based representation was used as it corresponds to the experimental set-up. Prior to any analysis the 3D data sets of the recorded cell nuclei were processed with a 3 Â 3 Â 1 median filter. To enhance the contrast, background signals mainly due to scattering and autofluorescence were reduced by a global background subtraction. From each voxel of each given 3D data set, the mean grey value of the respective 3D data set was subtracted. This was done to facilitate the image analysis. The number of photons that can be detected from a labelled biological target site is limited by photochemical reactions (bleaching). Because the localization accuracy increases with the square root of the number of detected photons (Patwardhan, 1997) , photon noise is presently the most prominent source of error in most biological fluorescence analysis of this kind. The number of detected photons in the individual voxels of recorded experimental 3D-image stacks were determined by means of a calibration of the photomultiplier tubes of the CLSM using the method described by Ryan et al. (1990) . In the experiments analysed here, on average about 41, 95 and 22 photons (average number of background photons subtracted) were detected in a voxel of maximum intensity of the respective signal of the labelled target sites (FITC-, TRITC-, Cy5-channel, respectively).
The labelled chromosomal subregions were segmented by interactive setting of a global threshold. After segmentation, the features of interest were extracted by a procedure which identified all connected voxels of an object using the 26-connectivity rule. All voxels that were identified as belonging to the same object were used to compute the bary centre of the object.
In the digital domain, the intensity bary centre does not correspond to the centre position of the object even in the absence of photon noise and other disturbances. This is caused by factors such as quantization (Morgan et al., 1989) , sampling and thresholding (Patwardhan, 1997) . Shifting an intensity (grey value) distribution by a subvoxel shift, the sampled intensity values change. At the boundary of the intensity distribution, voxels that no longer fulfil the thresholding condition are excluded from the computation of the intensity bary centre, and colleagues that do now fulfil the thresholding condition are included. The inclusion/exclusion of voxels depends on the shape of the intensity distribution, the chosen threshold and the value of the subvoxel shift relative to the regular grid of the data sets. This irregular behaviour at the boundary of grey value distributions leads to an erroneous shift of the intensity bary centre.
In addition, the usually`fuzzy' boundaries of biological objects make it difficult to define a clear cut border between foreground and background voxels.
To reduce these errors and to avoid any bias by interactively choosing a particular grey value threshold, the intensity bary centres were determined for each threshold in a range of reasonable thresholds which preserved the overall object geometry, and were then averaged . The computation procedure for the intensity bary centres s (s x , s y , s z ) was modified according to Heintzmann et al. (1997) to reduce the bias of the boundary voxels relative to the remaining signal voxels:
(g i 2 g Thres ) g i is the grey value of the voxel i at the co-ordinate (x i , y i , z i ), N is the number of voxels belonging to the object of interest and g Thres is the threshold used for the respective segmentation.
In situ calibration of the chromatic shift
For the determination of the chromatic shift under`in situ' conditions, a YAC-DNA sequence (B99E11) of 115 kb was simultaneously labelled with three different fluorochromes (SpectrumGreen, SpectrumOrange and SpectrumRed (equivalent to FITC, TRITC, CY5)). Thus, the calibration probe obtained by this triple labelling procedure carried different spectral signatures. This was done by a nick-translation kit according to the manufacturer's instructions (Vysis Germany) (1 : 1 : 1; v : v : v). The triple-labelled DNA sequences were applied to FISH of BM interphase cell nuclei of CML patients. After identification of the triple-colour labelling sites, their bary centre positions in the 3D image (s x , s y , s z ) were registered independently for each data stack of the three colour channels. Because the labelling molecules were randomly distributed along the DNA sequence hybridized, the intensity bary centres should ideally coincide. Thus, chromatic shifts were calculated as the distances of the positions of the intensity bary centres of the individual spots in the three colour channels (for more details see Edelmann et al., 1999) . These data were obtained from 44 measurements of different three colour labelling sites. As the 3D-resolution equivalent obtained for this experimental setup was in the region of 50 nm, chromatic shifts far below this value were not corrected.
Whereas mean lateral chromatic shifts between the three dyes used were between 10 and 30 nm, with standard deviations in the same range, the following`in situ' chromatic shifts in axial direction were used to correct the image data of nuclei labelled according to Fig. 2 , situated in another region on the same cover glass and on other cover glasses: SpectrumGreen(FITC)±SpectrumOrange(TRITC):
(2 188.87^54.77) nm SpectrumOrange(TRITC)±SpectrumRed (CY5): (190.04^46.69) nm. The axial shift between SpectrumGreen(FITC) and SpectrumRed(CY5) was (1.17^58.32) nm and therefore negligible.
Using these figures, the true three-dimensional Euclidean distances d between each two different objects were computed as following:
with DC z being the axial chromatic shift between SpectrumGreen(FITC)±SpectrumOrange(TRITC), or SpectrumOrange(TRITC)±SpectrumRed(CY5). As these axial shifts were dominant, a correction of the other chromatic shifts was not attempted. It should be noted that because of the method used, thè chromatic shift' DC z determined in this way may also contain contributions from monochromatic aberrations, thermal drifts, apparative influences, differences in the refraction index and morphology of the cells, different sites of measurements in the field of view, etc. All these effects will probably also increase the standard deviation. For these reasons, the factor DC z will yield a summarizing correction value for all these effects.
In situ determination of the localization accuracy
The localization accuracy in biological SPDM measurements was analysed by means of the same type of triple-labelled microbiological calibration objects as used for the chromatic shift correction. The same nucleus containing two triplelabelled calibration objects was repeatedly recorded eight times. The mean 3D localization accuracy was determined from a total number of four triple-labelled spots. In each of the confocal 3D-data sets the 3D-distance between the bary centres of the FITC and TRITC signals was determined, i.e. mainly the chromatic shift was measured. Image acquisition and image analysis were carried out as described above. The standard deviation of the measured mean distance was constituted from the individual localization errors of the labelling site in the two colour channels. Therefore, the measured standard deviation was divided by p 2 to reveal the 3D localization accuracy. As an estimate for the error of the measurement of the mean 3D localization accuracy, the standard deviation of the four individual localization accuracy measurements was used. For the fluorochrome combination FITC±TRITC, a 3D localization accuracy of 17^8 nm was determined. Evaluation of the same data without median filtering (see above) resulted in the same mean value for the 3D localization accuracy: 17^10 nm. However, the precision of localization in practical SPDM applications should be even better, since strong bleaching was observed in these prolonged experiments (Edelmann, 1999) . Although bleaching may generally produce a severe distortion for distance measurements, these measurements indicated a minor role of this effect under the conditions used.
Results
For the chromatin nanostructure analysis using the SPDM mode of CLSM, 175 cell nuclei subjected to three-colour FISH were systematically analysed. This data set was obtained from three CML patients with well known clinical features. Distance measurements between each two intensity bary centres were evaluated in intact chromosome 22 (carrying two fluorochrome labels) and in the Philadelphia chromosome (carrying three fluorochrome labels). Furthermore, SPDM was also used for a triangulation of the chromatin nanostructure labelled in the Philadelphia chromosome territory.
In Table 1 the averaged 3D distances between each pair of intensity bary centres (23 mean values from a total of 175 nuclei) are summarized. Mean values between 40 nm Table 1 . Averaged 3D-distances (^standard deviation) between the intensity bary centres of DNA labelling sites in chromosome 22 and in the Philadelphia chromosome. In Philadelphia-positive cell nuclei the following distances were measured: BCR1_ABL, BCR2_ABL and BCR1-BCR2 (BCR1 and BCR2 are the parts of B99E11 and 52C3 DNA-probes after translocation; ABL is the completely translocated cos-abl 8 probe) within the Philadelphia chromosome. The intensity bary centre distances between B99E11 and 52C3 on the intact chromosome 22 were also determined (`Intact(22)'). The distances between the bary centres of the intensity distributions of B99E11 and 52C3 of the two chromosome 22 territories of Philadelphia-negative cells were also measured (last column to the right). Figures are mean^SD (nm) . 343^174  367^155  112^81  87^49  116^97  38  CML-2a  398^229  411^244  160^104  111^53  173^107  39  CML-2b  291^63  305^60  63^24  56^28  75^35  33  CML-2c  269^138  322^255  40^23  66^32  97^47  36 Control
and 1774 nm were calculated from individual chromatically corrected measurements. A number of 15 mean distances was below the FWHM of the practical lateral PSF of 300 nm. With the exception of two mean values for the cells of a control person (CML-3), all mean distances and their possible values within one standard deviation were below the FWHM of the practical axial PSF of 700 nm. These small distances are well compatible with the highly folded state of chromatin nanostructures in human cell nuclei ; they indicate that SPDM can really be used to measure distances below the conventional resolution limit, if different spectral signatures are used for the`point-like' labelling sites. The error of an individual distance measurement is given by the standard deviation of an ensemble of such measured distances (as given in Table 1 ), and this value includes chromatic shift errors. Owing to specimen and image quality, however, and additional errors that compensate the effects of chromatic shift deviation in individual images, these errors were in some cases smaller than the standard deviation of the chromatic shift measurements.
The angle distributions between the intensity bary centres of the targets labelled in Philadelphia-positive cell nuclei of the CML-1 and CML-2 patients were also determined. As shown in Figs 2(a) and (b), the BCR-ABL fusion gene on the Philadelphia-chromosome territory was identified by the colocalization of three signals: cos-abl 8 (ABL, green), 52C3 (BCR2, blue) and approximately 80 kb of B99E11(BCR1, red). Figure 3(a) shows the linear chromosomal mapping of these three signals covering the BCR-ABL region, a schematic complex folding of the 3D-chromatin structure of this region, and the spatial triangles resulting from the intensity bary centres of these labelling sites. For the topology of the BCR-ABL fusion gene the 3D distances between the ABL, BCR1 and BCR2 and thus the angles were measured. The angles in 75 Philadelphia-positive cell nuclei were measured by using the following trigonometric equations:
In Fig. 4 , a relative cumulative frequency angle histogram is shown. The mean values were a (35^35)8, b (65^36)8 and g (80^38)8.
The statistical results were compared to angle distributions obtained from computer models. These models were based on a random walk (van den Engh et al., 1992) of segments containing 30 kbp of the DNA-fibre (`bead'), and on a giant loop model with a random backbone with fixed point distances of 620 nm (for details see Kreth et al., 1998) . In Table 2 the measured mean values are compared to the mean values obtained from two computer models. The distributions of at least two angles were highly significantly different between experiment and simulation using the (twosided) Kolmogorov±Smirnov test (Young, 1977) (Table 3) .
Discussion
This report describes the technique of spectral precision distance microscopy (SPDM) (Cremer et al., 1996a; et al., 1999a, b) together with in situ chromatic shift calibration using three-colour labelling strategy of DNA sequences in intact cell nuclei. SPDM is a technique that, in principle, can be adapted to all types of fluorescence far field light microscopes that are able to record quantitatively fluorescence data of different spectral signatures (e.g. emission and/or absorption spectra). This also includes new types of PSF-engineering microscopes. Using the SPDM mode, classical distance resolution limits of light microscopy given by the FWHM of the PSF can be overcome by at least about one order of magnitude. Thus, the smallest measurable distances are no longer given by this criterion. For point objects of different spectral signature, this smallest distance has been called`resolution equivalent' (Cremer et al., 1999a) . In confocal laser scanning microscopy using an appropriate labelling strategy, a typical RE of about 50 nm can be expected in three-dimensional measurements (Cremer et al., 1999a) . Such an RE requires a correction of chromatic shifts below the values for which typically an objective (e.g. apochromat) is chromatically corrected. Therefore chromatic calibration is an indispensable step for the application of SPDM as long as different absorption/emission spectra are used. This calibration can be done, for instance, by means of multispectral beads (provided for example by TetraSpec, Molecular Probes, Germany). Measurements with such multispectral beads revealed that lateral shifts varied over the field of view; however, the mean absolute values were found to be smaller than 15 nm in the x-direction and smaller than 33 nm in the y-direction for all combinations of fluorochromes (Cremer et al., 1999b) . Preliminary data of distance measurements in clinical specimens based on bead calibration methods indicated that the precision of distance measurements can be increased using in situ (i.e. in the cell nuclei) calibration of chromatic aberrations .
For this purpose, in the present report SPDM in 3D imaging in combination with a three-colour-labelling FISH strategy was introduced into the analysis of chromatin nanostructure. It allowed distance measurements in intact cell nuclei considerably below the FWHM of the practical PSF (300 nm lateral, 700 nm axial) as shown for specimens obtained from clinical routine preparation of cells with haemato-oncological status.
Moreover, the three colour labelling (T-FISH) presented here opens an avenue into a more detailed study of the functional chromatin architecture (Cremer et al., 1996b; Kreth et al., 1998) by a systematic triangulation. Although only three labelling sites were used in this study, together with three spectral signatures, the results presented here show the potential of SPDM and its possibilities in application to more than three fluorochromes. It is anticipated that SPDM depends on the statistical evaluation of an ensemble of cell nuclei. The number of cell nuclei evaluated therefore influences the results. For practical reasons, however, only about 30 nuclei were considered for this ensemble. This may have influenced the mean value. In addition, Manders et al. (1992) found that thè mean' value of multiple distance measurements may deviate from the real distance if the measured distances are of the same value as the standard deviation. However, there may have been the possibility for such a bias on the distance measurement for only the two smaller measured distances, which are in the order of the resolution equivalent.
Computer simulation experiments (not shown) indicated that by the evaluation of a higher number of nuclei, relative distance changes may still be determined. To clarify this point, further experiments and theoretical considerations are required.
Under the assumption of a functional 3D-architecture of the chromosome territories and their subdomains in intact cell nuclei, many cancers may be associated with slight changes in the nanostructure of the region of individual genes (Wolffe, 1995; Czarnota et al., 1997; DePinho, 1998) . Using SPDM, it has now become possible for the first time to investigate such small topological changes in intact cell nuclei using 3D far field light microscopy.
Here, we showed that, using SPDM, for the first time a far field light microscopical approach is available to quantitatively analyse chromatin nanostructures in 3D-intact cell nuclei down to distances of about five nucleosome diameters. Nanostructure changes may be highly interesting from a`chromatin±cancer correlation' point of view or, moreover, even as a sign of predisposition to the formation of certain chromosome rearrangements.
